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Executive Summary 
Objective 
Traditionally, ambient atmospheric monitoring networks for regulatory purposes have 
focused on observing compounds of direct interest to human health andlor welfare. While 
these monitoring networks provide important information for risk assessments they 
normally lack the range of measurements necessary to evaluate why these pollutants are 
present at the observed concentration levels. 
By contrast, the PAMS (Photochemical Assessment Monitoring Site) network aims at 
providing detailed information on the chemical composition of the urban atmosphere for 
use in the evaluation of the accuracy of photochemical transport models and in 
interpretive analysis of the chemistry of the urban atmosphere as well as more 
conventional regulatory purposes. Historically, a major limitation in the analysis and 
interpretation of data from PAMS and other similar networks has been an absence of 
reliable ultraviolet (UV) photochemical rates measurements at these locations. These 
photochemical measurements have been limited at PAMS since the necessary 
instrumentation has had a high acquisition and/or operational cost or was not designed for 
protracted unattended operation typical of these sites. 
The principal objective of this project was to build, calibrate, field test and evaluate a 
prototype low-cost spectro-radiometer suitable for accurately measuring the most 
important lower atmospheric UV photolytic rates at PAMS sites. Further, this system was 
designed to be sufficiently robust to operate unattended for extended periods under 




program was divided into six phases. These were: 1) identification of detailed 
requirements; 2) design, construction and bench testing of the prototype 
3) development of supporting algorithms and data analysis routines; 4) 
laboratory and field testing of the prototype instrument at an active PAMS site; 5) 
comparison of PAMS photochemical rate measurements with those from other 
instruments and model calculations and 6) modification, testing and evaluation of revised 
instrument andlor data analysis procedures. Results from each of these phases are 
summarized below. 
Identification of Operational Requirements 
The photochemical rates selected for measurement by the prototype system were those 
showing the greatest im ortance for evaluation of fast photochemistry in urban areas. P These are for ozone j ( 0  D), nitrogen dioxide j(N02), hydrogen peroxide j(H202), nitric 
acid j(HN03), nitrous acid j(HONO), formaldehyde (CH20 ), methyl hydro-peroxide 
j(CH300H), methyl nitrate j(CH30N02) and peroxy-acetyl nitrate jPAN. Among these 
rates, the requirements for spectral resolution of instrument (0.3 nrn) were defined by 
those needed to determine ~ ( o ' D )  and the upper measurement wavelength limit (410 nm) 
was established by that necessary to determine j(N02). 
Development of Prototype Instrument 
'The general requirement for long-term unattended operation strongly discouraged the use 
of a scanning type instrument and thus only fixed grating type systems were considered. 
Continued improvements in both holographic UV gratings and large Charge-Coupled 
Device (CCD) detector arrays meant that the basic bandwidth and spectral resolution 
requirements could be met with relatively inexpensive 2048 element arrays and high 
throughput single-stage spectrometers. A variety of commercial spectrometers were 
evaluated and a fiber-coupled 0.2m crossed- Czerny-Turner (UV Holographic grating) 
system from Ocean Optics, Inc. (model S2000) was selected as the basis for the system. 
To bring the light into the system three inlet systems were constructed for evaluation 
during the field phase. These were two diffuser-type (cosine) inlets (sintered quartz and 
UV polymer) and a quartz ball lens. Laboratory tests confirmed that the polymer inlet 
gave the best overall performance as was used for most of the field trials. 
Development of Data Processing Procedures 
Collection of large quantities of spectra inevitably results in the collection of large 
volumes of data and the development of rapid and reliable data reduction techniques were 
essential. Accurate determination of low-light levels at high solar zenith angles (a 
weakness of the traditional EppleyTM TUVR UV radiometers and a prime motivating 
factor for the deve!opment of alternative UV measurement techniques) requires proper 
accounting for the impact of detector dark current on a pixel-by-pixel basis. 
As detector dark current is principally a function of detector temperature, many systems 
provide for temperature control of the entire spectrometer system. This temperature 
control does, however, require additional power and provides another system failure 
point. Early in the development, it was decided to attempt to develop algorithms and 
techniques for correcting dark currents under conditions of widely varying temperatures. 
The rationale for this approach was that a correction algorithm effective over a wide 
range of temperatures could easily deal with constant temperature conditions but the 
converse would probably not be the case. 
As part of this project an innovative internal referencing system was developed and 
tested. In this approach, under noctural conditions system dark currents are measured on 
a pixel-by-pixel basis throughout the night along along with corresponding temperature 
data. During the day pixels below the tropospheric UV cutoff were monitored to record 
changes in dark current under generally higher temperature conditions typical of daytime. 
These data were combined to produce correction functions for individual pixels used for 
daytime measurements. Field test later verified that this approach could correct dark 
current to a relative error of less than 5% for temperature daily temperature fluctuations 
of up to 13 degrees Celsius. The success of this approach obviated the need for 
mechanical shutter systems for system blanking purposes in the prototype instrument. 
Data reduction, including application of system calibration factors, was explored using 
several approaches. The first and most obvious approach was the use of commercial 
spectral analysis programs (e.g. Thermo Galactic's GRAMsTM software) or instrument 
control programs (e.g. Labtech NotebookTM or National Instruments LabviewTM were 
both used during the project). While these systems worked well, there more general 
nature added significant cost to the overall system and less expensive solutions were 
evaluated. These included programming dedicated routines as well as the use spreadsheet 
macro programming (e.g. Microsoft ExcelTM). Ultimately, the final data analysis routines 
used for evaluation of the instrument were written as large macro programs in Microsoft 
ExcelTM to minimize expense for potential end users. Data collection was made using the 
manufacturer's (Ocean Optics) data acquisition software. An example UV spectrum from 
the field testing program is given below: 
Typical UV spectra collected as part of the field tests of prototype instrument 
Field Tests of Pro to type Instrument 
Initial field trials of the instrument were conducted during the summer of 1999. These 
were generally proof of concept tests and were not conducted with a complete system. 
During the second year (2000) the field tests of the prototype instrument were conducted 
at the Tucker, GA PAMS site. The instrument was operated for various periods from 
April through November at this site and collected more than 150,000 UV spectra during 
various testing programs. The figures below show the layout of the Tucker site. The 
spectroradiometer is located on the top of the immediately to the left of the 
meteorological system in the left center of the picture. 
A more detailed view of the system is illustrated in the figure below. Two reference 
EppleyTM TUVR UV radiometer systems are visible to the left of the main spectrometer 
inlet on the top of the support column on the top right of the photograph. On the top of 
the main enclosure between the support columns is an inexpensive "whole sky" camera 
system also developed as a part of this effort. This system employs a low cost 
surveillance type digital camera and a hemispherical reflector. This system was used to 
estimate cloud coverage and type in support of modeling calculations. An illustration of 
a typical image from this system is also shown below. While this system proved useful 
for the semi-quantitative measurements for which it was intended, it was found to lack 
sufficient dynamic range to be generally useful unless equipped with an automatic iris. 
Comparison of Measurements 
The final photochemical rates determined by the prototype system were in excellent 
agreement with a variety of multi-stream radiative transfer models from both the National 
Center for Atmospheric Research and Georgia Tech. However, achieving this good 
agreement required substantial post processing of the UV spectra. Automated processing 
of the data often resulted in sub-optimal baseline correction of the spectra leading to 
artifacts such as negative photolysis rates. An example of such an artifact is shown below 
for an exceptionally clear day in August 2000 at the Tucker PAMS site. 
Figure: J(O'D) for Tucker, GA with Baseline Artifact 
'The presence of such artifacts resulted in substantially more data analysis activity that 
would be desirable for system making routine measurements. At present, .the 
analysisltime ratio (that is the ratio of time to analyze the data to running time) is about 
0.05. That is, it takes approximately one hour of analyst time to process and quality- 
assure twenty hours of data. For full time deployment this corresponds to about 0.2 FTE 
(full time equivalents) of personnel per measurement site. At an annualized cost 
including overhead of $lOOWtechnican year this corresponds to an annual cost of $20,000 
per site. 
Evaluation of Instrument Development 
During 2001 and parts of 2002 additional tests were performed to optimize the 
instrumentation and procedures developed in the earlier test years. These modifications 
substantially improved the reliability of .the hardware but resulted in less improvement in 
data analysis and reduction time. A summary of the principal finding and conclusions of 
the research program is given below: 
A reliable low cost and robust UV spectrophotometer based system for 
measurement of the most important photochemical rate coefficients has built and 
tested. 
The measurements from this system are in good agreement with modeling 
calculations under clear sky conditions and with other measurement methods. 
Data handling and data processing time remain issues. The system generates more 
50 Mb of datalday and data cannot be conveniently transmitted over conventional 
telephone lines. Even weekly data pickup requires high capacity (CD-R or 
greater) storage media. 
The system can be deployed and maintained at low annualized costs, however, at 
present the cost of data analyst time ($20,00O/site/year) will need to be reduced in 
order to make such photolytic measurements are routine part of the PAMS 
network. 
Introduction 
Traditionally, ambient atmospheric monitoring networks for regulatory purposes have 
focused on observing compounds of direct interest to human health and/or welfare. While 
these monitoring networks provide important information for risk assessments they 
normally lack the range of measurements necessary to evaluate why these pollutants are 
present at the observed concentration levels. 
By contrast, the PAMS (Photochemical Assessment Monitoring Site) network aims at 
providing detailed information on the chemical composition of the urban atmosphere for 
use in the evaluation of the accuracy of photochemical transport models and in 
interpretive analysis of the chemistry of the urban atmosphere as well as more 
conventional regulatory purposes. Historically, a major limitation in the analysis and 
interpretation of data from PAMS and other similar networks has been an absence of 
reliable ultraviolet (UV) photochemical rates measurements at these locations. These 
photochemical measurements have been limited at PAMS since the necessary 
instrumentation has had a high acquisition and/or operational cost or was not designed for 
protracted unattended operation typical of -these sites. 
Past research to determine the photolysis rates of atmospheric species can generally be 
divided into three main approaches, direct measurements of photolysis rates with 
chemical actinometers, derived photolysis rates from radiometric instruments and 
ultraviolet radiative transfer models (see for example: Dahlback and Stamnes, (1 99 l), 
Ruggaber, et al. (1 994), Madronich and Flocke (1 998), Wild, et al. (2000)). 
Only J(NOz) and J(o('D)) have been directly measured with chemical actinometers. The 
photolysis frequency of NO2 has been directly measured by Bahe, et al. (1980), 
Dickerson, et al. (1982), Harvey, et al. (1 977), Huey (1993), Castro, et al. (1 994), Parrish, 
et al. (1983), Zafonte, et al. (1977). 
The photolysis rate of ozone has been measured directly by Bahe, et al. (1 979), 
Dickerson, et al. (1 979), Dickerson, et al. (1 982), Hofzumahaus, et al. (1 992),Bairai and 
Stedman (1992), Blackburn, et al. (1992). 
Radiometric instruments have also been used to determine photolysis rates. Filter 
radiometers use different types of bandpass filters and a photocell to measure an actinic 
flux for a particular part of the UV spectrum. Photolysis rates are then calculated based 
on an empirical relationship. Spectroradiometers measure the actinic flux at each 
wavelength over the UV spectrum and integrate the flux, absorption cross section and 
quantum yield of each species to determine the photolysis rates. Radiometric 
measurements have been conducted by a variety of investigators (see for example Cotte, 
et al. (1997), Edwards and Monks (2003), Hofzumahaus, et al. (1999), Junkermann 
(1 994), Kanaya, et al. (2003), Kazadzis, et al. (2000), Pfister, et al. (2000), Simpson, et 
al. (2002), Webb, et al. (2000), Webb, et al. (2003), Wiegand and Bofinger (2000), 
Wobrock, et al. (1988)) 
Several studies have compared radiometric and chemical actinometers, Bais, et al. 
(2003), Cantrell, et al. (2003), Kraus and Hofzumahaus (2000), Kylling, et al. (2000), 
Madronich (1987), Muller, et al. (1995), Shetter, et al. (1992), Shetter, et al. (1996), 
Shetter, et al. (2003) and have generally concluded that .the radiometric method has a 
broader range of applicability. 
The principal objective of this project was to build, calibrate, field test and evaluate a 
prototype low-cost spectro-radiometer suitable for accurately measuring the most 
important lower atmospheric UV photolytic rates at PAMS sites. Further, this system was 
designed to be sufficiently robust to operate unattended for extended periods under 
conditions of minimal environmental control. 
The overall program was divided into six phases. These were: 1) identification of detailed 
operational requirements; 2) design, construction and bench testing of the prototype 
instrument; 3) development of supporting algorithms and data analysis routines; 4) 
laboratory and field testing of the prototype instrument at an active PAMS site; 5 )  
comparison of PAMS photochemical rate measurements with those from other 
instruments and model calculations and 6) modification, testing and evaluation of revised 




As discussed earlier, there exists a need for improving photolytic rate measurements in 
support of atmospheric photochemical modeling and in interpretation of field 
measurement results. While chemical actinometers have been used for this purpose for 
many years, these systems typically measure only a few photochemical rates, have a high 
demand for consumables and require substantial operator intervention. On the other hand, 
modern spectroradiometers can measure a variety of photochemical rates with little 
consumption of consumables or operator intervention but require more elaborate 
calibration procedures. In addition, many of these "research grade" spectroradiometers 
are designed for "high performance" applications with high spectral resolution (normally 
<0.1 nm in the UV) and often employ mechanical scanning systems that result in 
relatively high maintenance requirements. 
The primary focus of this study was on the development and testing of a "de-contented" 
spectroradiometer that was designed to be very low in cost and highly reliable. Most of 
the cost saving were achieved by using substantially lower spectral resolution for the 
measurements that allowed for the use of single stage spectrometers using a fixed grating 
while still achieving sufficient bandwidth to measure most photochemical rates of 
significance in the troposphere. This trade-off was successfully achieved by careful 
evaluation of the actual resolution requirement for each of the measurements of interest. 
The photochemical rates selected for n~easurement by the prototype system were those 
showing the greatest im ortance for evaluation of fast photochemistry in urban areas. P These are for ozone j (0  D), nitrogen dioxide j(N02), hydrogen peroxide j(H202), nitric 
acid j(HN03), nitrous acid j(HONO), formaldehyde (CH20 ), methyl hydro-peroxide 
j(CH300H), methyl nitrate j(CH30N02) and peroxy-acetyl nitrate j(PAN). 
Initial analysis of the problem identified the measurement of rate of production of 
metastable atomic oxygen from ozone photolysis, ~ (o 'D) ,  as the primary determinant of 
the minimum spectral resolution required for effective measurements. This is due to 
behavior of this system in the vicinity of 300 nm. Between 290 and 3 10 nm, the quantum 
yield for production of the metastable product drops rapidly with increasing wavelength 
while the absorption cross section for ozone is also declining significantly. On the other 
hand, the UV solar flux is increasing significantly with wavelength over this same region. 
Practically, this means that the overlap of solar flux, absorption cross-sections and 
quantum yields must be evaluated over relatively small wavelength intervals in order to 
achieve good results. Numerical simulations conducted early in project indicated that 
measurements made with a spectral resolution of 0.3 nm in this region would produce a 
<5% error under near-worst case conditions compared to high-resolution measurements 
of the same quantities. This reduction in accuracy for this spectral resolution was deemed 
an acceptable design trade-off in terms of lowering system costs. 
A similar analysis was conducted to establish the longest and shortest wavelengths 
required for the measurements (i.e. system bandwidth). The upper wavelength bound was 
found to be set by requirements for measurement of nitrogen dioxide photolysis (j(N02)) 
at about 41 0 nm. The lower wavelength bound was established the minimum wavelength 
reaching the surface, about 280 nm. 
Spectrometer 
The heart of any system for spectoradiometric measurements is the spectrometer used for 
wavelength dispersion. Its selection is a critical element in design of the overall system 
and its performance will largely determine the ability of the system to operate 
successfully under field conditions. Field spectrometers need to rugged and reliable and 
capable of operating unattended for periods of weeks to months. These requirements 
place severe limitation on the use of mechanically scanned devices and the selection 
process for the prototype system focused on fixed grating instruments that otherwise met 
the size, weight and cost criteria (target system cost of <$20K). After evaluation of a 
number of competing instruments, the spectrometer chosen for use in the prototype 
instrument was a miniature fiber optic coupled spectrometer from Ocean Optics, Inc. 
(S2000). 
The S2000 is a small and relatively inexpensive spectrometer that uses a crossed Czerny- 
Turner design in which light enters the spectrometer from a fiber optic cable through an 
entrance slit and is dispersed via a fixed grating across a detector array. The device 
finally chosen of incorporation into the prototype instrument employed 10 pm wide slit 
as a11 entrance aperture and 1800 lines per mm, holographic UV-enhanced grating for 
wavelength dispersion. The typical spectral response of this grating is shown in Figure 1 .  
For measurement of the dispersed radiation, this prototype system was outfitted with a 
high sensitivity 2048-element linear silicon Charged-Coupled Device (CCD) array 
detector coated for use in the ultraviolet. This configuration yielded a system bandwidth 
of approximately 205 nm over the 260 - 465 nm wavelength interval. The dispersion is 
0.10 nrnlpixel and resolution is 3.2 pixels give the system and effective resolution of 0.32 
nm. These criteria meet all of the primary design criteria established during the initial 
evaluations described above. 
Grating #I O 
Figure 1: Specified Grating Efficiency 
Optical Collection System 
Of course, a spectrophotometer must also incorporate methods to quantitatively bring 
solar radiation into the system. The basic approach used in the prototype instrument is 
illustrated schematically in Figure 2. Light enters .the system using a cosine-corrected 
light collection system located on a mast extending above a weather-protected housing 
that encases the spectrometer and electronics. This housing was thermostatically 
controlled using heaters and a cooling fan to improve measurement stability. 
The cosine correction in the inlet system corrects for the natural variation of solar flux 
with zenith angle and significantly reduces corrections required in data post-processing. 
A UV fiber optic cable is used to bring the light from the collector to the entrance slit of 
the spectrometer. Use of fiber optic coupling reduces the angular dependence of the 
measurements and eases systems alignment. During development, three optical inlet 
systems were constructed for evaluation during the field phase. Two were diffuser type 
(cosine) inlets (sintered quartz and UV polymer) and other a quartz ball lens. Laboratory 
and early field tests confirmed that the polymer (Teflon@) inlet gave the best overall 
performance and was used for most of the field trials. 
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I- Corrected 
1 Probe : Fiber Optic Cable , - . - - . . . . .- - - . . . .. - . . - . . -  i 1 
Spectrometer 
I 1 I J 
Cooling Fan 
I ,: -7-e- 
Serial Cable - 
I I t- - _ _ - - I  ' To Computer 





Figure 2: Schematic Diagram of Instrument 
The primary field inlet system was based on a cosine-corrected fiber optic irradiance 
probe (CC-3-UV, Ocean Optics) with a 0.25" O.D. barrel and a black oxide finish 
modified to accept a thin Teflon@ disk (7.5 mm thick) used as the diffusing material on 
one end of the probe. The other end of the probe used a Type 905 SMA connector for 
connection to a UV Fiber Optic Cable. This probe was mounted onto a 3" square flat 
mild steel plate with three adjustable screws for purposes of leveling. Since the inlet was 
coupled to the spectrometer through the fiber optic cable, this leveling could be 
conducted independently of the spectrometer. The inlet probe was mounted so as to 
protrude slightly (3 mm) from the plate to give the collector an -1 80' field of view. The 
angular response of the system is shown in Figure 3. Both the plate and the leveling 
screws were painted with a flat black paint to decrease the amount of stray light reflected 
into the probe. 
The fiber optic cable used for all of the field data collection was a 2-meter long 1 OOpm 
quartz fiber with a high OH fused silica core. This core was clad with a doped, lower 
refractive index fused silica layer that was itself surrounded with a polyimide coating. 
The fiber had an overall numerical aperture of 0.22 that gave an acceptance angle of 
24.8'. The cable (Ocean Optics) was specifically designed for UV-VIS applications and 
was found to work well with no further modifications. A typicaI spectral attenuation is 
for the fiber is given as figure 4. 
Angle-Dependent 
Response o f  CC-3-UV 
lllwnatron AnOlle (degrees) 
Figure 3: Angular Response of Collection System 
Figure 4: Typical Attenuation of Fiber-Optic Coupling System (Ocean Optics) 
Data Collection System 
As illustrated in Figure 2, overall system control was maintained by external computer 
system. This system also controlled the whole sky camera as well as serving to collect 
ancillary data (e.g. TUVR readings) used for data analysis or system comparisons. The 
spectrometer itself was controlled through a serial port interface (SADSOO, Ocean Optics) 
in conjunction with this external computer. This interface incorporates a microprocessor- 
controlled AID converter that communicated with the external computer system using the 
RS-232 protocol. System control and data collection from the spectrometer used the 
manufacturer's (Ocean Optics) supplied data acquisition software (00IBase32). An 
example UV spectrum from the field-testing program is given in Figure 5: 
- -- 
Figure 5: Sample Solar Spectra from Tucker, GA Field Site 
The data shown in figure 5 is in the "scope" mode of the software in which the digitized 
voltages from each pixel from the AID converter are given as a function of wavelength.. 
This spectral view allows adjustment of the signal processing functions before beginning 
a measurement cycle. In this mode, the effect of the intensity of the solar radiation, the 
reflectivity of the grating and mirrors in the spectrometer, the transmission efficiency of 
the fibers, the responses of the detectors are all shown before corrections are applied. 
A typical application was the setting of the system integration time (dwell time per 
channel) that determines the number of milliseconds that receiving light before being 
read. The integration time varied by time of year and was set to give an optimum 
response of 3500-4000 counts per channel at solar noon. Each individual spectrum 
within the data collection period was averaged to produce a composite spectrum was 
stored for later analysis. The number of spectra that were averaged to produce this 
composite spectrum varied with the system integration time and the data collection time 
period. For example, if the integration time was 2000 rnsec and the data collection period 
was 1 minute then 30 spectra are averaged to produce the composite stored spectra. Each 
of these composite spectra acquired by the system it is written to external computers hard 
disk using a sequential filename tied to the data collection period. 
Development of Data Processing Procedures 
Collection of large quantities of spectra inevitably results in the collection of large 
volumes of data and the development of rapid and reliable data reduction techniques were 
essential. Accurate determination of low-light levels at high solar zenith angles (a 
weakness of the traditional EppleyTM TUVR UV radiometers and a prime motivating 
factor for the development of alternative UV measurement techniques) requires proper 
accounting for the impact of detector dark current on a pixel-by-pixel basis. 
As detector dark current is principally a function of detector temperature, many systems 
provide for temperature control of the entire spectrometer system. This temperature 
control does, however, require additional power and provides another system failure 
point. Early in the development, it was decided to attempt to develop algorithms and 
techniques for correcting dark currents under conditions of widely varying temperatures. 
The rationale for this approach was that a correction algoritlxn effective over a wide 
range of temperatures could easily deal with constant temperature conditions but the 
converse would probably not be the case. 
As part of this project an innovative internal referencing system was developed and 
tested. In this approach, under noctural conditions system dark currents are measured on 
a pixel-by-pixel basis throughout the night along along with corresponding temperature 
data. During the day pixels below the tropospheric UV cutoff were monitored to record 
changes in dark current under generally higher temperature conditions typical of daytime. 
These data were combined to produce correction functions for individual pixels used for 
daytime measurements. Field test later verified that this approach could correct dark 
current to a relative error of less than 5% for temperature daily temperature fluctuations 
of up to 13 degrees Celsius. The success of this approach obviated the need for 
mechanical shutter systems for system blanking purposes in the prototype instrument. 
Data reduction, including application of system calibration factors, was explored using 
several approaches. The first and most obvious approach was the use of commercial 
spectral analysis programs (e.g. Thermo Galactic's GRAMsTM software) or instrument 
control programs (e.g. Labtech NotebookTM or National Instruments LabviewTM were 
both used during the project). While these systems worked well, there more general 
nature added significant cost to the overall system and less expensive solutions were 
evaluated. These included programming dedicated routines as well as the use spreadsheet 

Field Test Site 
All initial laboratory and field evaluations of the instrument during the first year of the 
program (1 999) were conducted on the campus of Georgia Institute of Technology 
located in mid-town Atlanta, GA. After development of the initial version of the 
prototype instrument a series of field trials were conducted during the second year (2000) 
of the program. These tests were aimed at establishing the performance and reliability of 
the system as well as its ability to operate unattended in typical field measurement 
setting. These trials were conducted at the Tucker, GA PAMS site. The Tucker PAMS 
site is located in a suburb about 25 krn northeast of downtown Atlanta and was one of the 
first PAMS sites established. Figure 7 shows the location of the site. 
Figure 7: Location of the Tucker, GA PAMS Site. This site was the location of all of 
the field performance tests conducted during 2000. 
The prototype instrument was operated at this site for various periods from April through 
November and collected more than 150,000 UV spectra during various testing programs 
totaling approximately 1 10 days of data. Figure 8 gives a photograph of the Tucker site as 
configured for the testing program. In Figure 8, the prototype spectroradiometer is 
located on the top of the scaffolding immediately to the left of the meteorological system 
in the left center of the picture. Figure 9 shows a close up view of the system with the 
instrument enclosure opened. The Eppley TUVRB systems used for comparison with the 
spectroradiometer and the whole sky camera are also illustrated. 
Figure 8: Tucker, GA PAMS site used for field tests. The spectoradiometer is 
located on the scaffolding in the left center of the picture immediately adjacent to 
the meteorological system. 
Figure 9: UV Radiometers and Spectrometer at Tucker, GA PAMS site. 
Results and Discussion 
Synopsis of Field Test Results 
Data were collected on 1 10 days in ,the spring, summer and fall of 2000. This test 
program resulted in the collection of more than 150,000 spectra totaling more the 5 
Gigabytes of stored data. These data are available in DVD form as a supplementary disk 
to this report. Since the purpose of the field tests was instrument development rather than 
consistent data collection, significant data gaps in this record as present when the system 
was down for repairs and/or system modification. During the field test period, by far the 
largest amount of unscheduled system downtime was as a result of problems with the 
external control computer system and/or its associated software. These problems 
collectively represented more than 90% of all unscheduled downtime. Most of these 
problems were associated with system "freeze-ups" associated with the multiple 
programs running on the main computer. These conflicts typically resulted in suspension 
of data collection and/or storage and generally required a system restart. Replacement of 
the computer system with a more capable machine in 200 1 resulted in significantly 
improved performance in this area. 
The spectroradiometer itself proved highly reliable and represented only an occasional 
problem in terms of data collection. The system did prove to have some significant 
operational difficulties associated with bird activity. Many local and migratory birds 
found the inlet probe to the spectroradiometer a convenient perch and depending, upon 
the inclinations of the bird, could inhibit measurements briefly or for extended periods. 
Typical Results 
In this section we will provide some typical results for the prototype instrument to 
illustrate some of its capabilities and limitations. Figure 10 contrasts photolysis rate 
measurements between a cloudy day (June 4th, top) and a mostly sunny day (July 1 7 ~ ~  , 
bottom). On July 17'" the morning and early afternoon were sunny while the afternoon 
had scattered cloudiness. This figure illustrates the substantial deviation from theoretical 
photolysis rates in the presence of substantial cloud cover. 
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Figure 10: Comparison of Photolytic Rates between a Cloudy Day (June 4,2000, top 
graph) and a Mostly Clear Day (June 17,2002, bottom graph) at Tucker, GA 
The photolysis rates calculated from the spectroradiometer measurements are compared 
to the rates that are calculated with the Tropospheric Ultraviolet and Visible Radiation 
Model (TUV) for the cloudy day (June 4) are given in Figure 1 1. The TUV model is a 
pseudo-spherical discrete ordinate four stream model that calculates 56 different 
photolysis rates based on .the following inputs: date, time, latitude, longitude, overhead 
ozone column, surface albedo, ground elevation and measurement altitude. The 
photolysis rate for J(NOz) can also be estimated from an empirical expression of 
Madronich (1987). A typical TUV model input file is given as an Appendix. 
E is the ultraviolet radiation from an Eppley TUVR 09 measured in wlm2, Z is the 
elevation above sea level in krn, and X, is the solar zenith angle. 
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Figure 11 : Comparison of Theoretical, Semi-empirical and Measured Nitrogen 
Dioxide Photolytic Rates for a Cloudy Day 
The figure above shows the calculated values for J(NO1) on an overcast day, June 4, 
2000. The TUV model results are much higher than the values from the 
spectroradiometer or the Madronich Equation since the model does not take cloud cover 
into account. Since the Madronich Equation is derived from the TUVR data it is in better 
agreement with the data from the spectroradiometer. The empirical relationship of the 
Madronich Equation tends to break down at high solar zenith angles and this can be seen 
in the early evening hours on June 4th. Figure 12 shows the calculated J(N02) values 
during the mostly sunny day on July 1 7th. In this case, there is generally good agreement 
between the model and the measurements. 
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Figure 12: Comparison of Theoretical, Semi-Empirical and Measured Nitrogen 
Dioxide Photolysis Rates for a Mostly Sunny Day 
Figure 13 below shows J(O'D) values from .the spectroradiometer and the TUV model 
output with the empirical measurements from the TUVR instrument. There is good 
agreement with the model in the morning and early afternoon but some disagreement in 
the late afternoon. This is likely caused from light scattering and light reflection under 
the developing clouds. This additional light is also seen by the TUVR instrument but not 
reflected in the model output. This leads to higher J(O'D) values in the evening hours. 
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Figure 13: Comparison of Ozone Photolysis Rates 
'The measurements are also shown to be in good agreement with the model estimates 
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Figure 14: Comparison of Measured and Modeled Photolysis Rates for Hydrogen 
Peroxide and Nitrous Acid 
Figures 15, 16 and 17 show J(PAN), J(HN03), and J(CH3COOH) during a mostly sunny 
day in contrast to the results from Figure 14, the measured values are consistently lower 
than the model results except for the late afternoon. 
JPAN 
Tucker Sib, July 17th 
rime oloav 
1 -Sp.~tr~ndrom~ar O v ~ k  fW 
Figure 15: Measurements and Modeled J(PAN) for a Mostly Sunny Day 
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Figure 16: Measured and Modeled Photolysis Rates for Nitric Acid for Mostly 
Sunny Conditions 
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During photolysis, formaldehyde branches into two different channels. The first channel 
leads to radical formation, 
7 0 E S  - - - - -- - - - -- -- - A 
CH20 + H + HCO 
while the second channel leads to more stable end products, 
CH20 + H2 + CO 
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Figure 17: Measured and Modeled Photolysis Rates for Methyl-Hydro Peroxide 
J-CHPO 
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Figure 18: Formaldehyde Photolysis Rates 
The TUV model calculates photolysis rates based on a cloud-free sky but most days are 
not free from at least a few clouds. Figure 19 below illustrates the daily variability in UV 
radiation at 350nm for a period of one week in July 2000. Every day during this week 
shows at least some cloud cover. 
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Figure 19: Daily Variability of 350 nm Radiation 
Figure 20 shows the variability in J-values for three photolysis rates; J(N02), J(O'D) and 
J(PAN). The data points represent one hour averages calculated at solar noon each day 
for the month of July. 
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Figure 20: Variability of Photolysis Rates for Solar Noon During July 2000 
Figure 2 1 below shows the correlations of ozone and HONO photolysis rates with 
J(NOz). As expected, J(HON0) and J(N02) show a good correlation since they have 
similar absorption wavelengths regions while J(NOz) and J ( 0  1 D) correlate more poorlv 
since absorption occurs over a dissimilar interval. 
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Figure 21: Correlation of Photolysis Rates 
Measurement and Analysis Issues 
As shown in the previous section, the final photochemical rates determined by the 
prototype system were in excellent agreement with a variety of multi-stream radiative 
transfer models from both the National Center for Atmospheric Research and Georgia 
Tech. However, achieving this good agreement required substantial post processing of 
the UV spectra. Automated processing of the data often resulted in sub-optimal baseline 
correction of the spectra leading to artifacts such as negative photolysis rates. An 
example of such an artifact is shown below for an exceptionally clear day in August 2000 
at the Tucker PAMS site. 
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Figure 22: J(O'D) for Tucker, GA with Baseline Artifact 
The presence of such artifacts resulted in substantially more data analysis activity that 
would be desirable for system making routine measurements. At present, the 
analysisltime ratio (that is the ratio of time to analyze the data to running time) is about 
0.05. That is, it takes approximately one hour of analyst time to process and quality- 
assure twenty hours of data. For full time deployment this corresponds to about 0.2 FTE 
(full time equivalents) of personnel per measurement site. At an annualized cost 
including overhead of $100kltechnican year this corresponds to an annual cost of $20,000 
per site. 
Another substantial operational difficulty is data handling. The prototype system 
produces in excess of 50 Mb of data storage per day of operations. While modem 
computer systems easily have the capacity to store this data, even for extended periods of 
operations, data transfer capabilities have not keep pace. Most PAMS and similar sites 
lack high-speed data connections and thus removable media normally provides data 
backup. Small capacity removable media are of limited usefulness for dealing with the 
large data volumes generated by the system and thus higher capacity (e.g. CD-R or DVD- 
R) devices are required. While these are readily available and media are inexpensive, 
"burning" a high capacity DVD requires substantial technician time and thus limits the 
number of sites that can be serviced. This limitation also imposes a significant personnel 
cost to operation of the instrumentation 
Conclusions and Recommendations 
During 200 1 and parts of 2002 additional tests were performed to optimize the 
instrumentation and procedures developed in the earlier test years. These modifications 
substantially improved the reliability of the hardware but resulted in less improvement in 
data analysis and reduction time. A summary of the principal finding and conclusions of 
the research program is given below: 
A reliable low cost and robust UV spectrophotometer based system for 
measurement of the most important photochemical rate coefficients has built and 
tested. 
The measurements from this system are in good agreement with modeling 
calculations under clear sky conditions and with other measurement methods. 
Data handling and data processing time remain issues. The system generates more 
50 Mb of datalday and data cannot be conveniently transmitted over conventional 
telephone lines. Even weekly data pickup requires high capacity (CD-R or 
greater) storage media. 
The system can be deployed and maintained at low annualized costs, however, at 
present the cost of data analyst time ($20,00O/site/year) will need to be reduced in 
order to make such photolytic measurements are routine part of the PAMS 
network. 
While the inexpensive whole sky camera proved useful for the semi-quantitative 
measurements for which it was intended, it was found to lack sufficient dynamic 
range to be generally useful unless equipped with an automatic iris. 
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Appendix: Typical TUV Model Conditions 
Model Output for July 17th at 1300. 
INPUT PARAMETERS: 
RADIATION SCHEME: 4 streams 
w-grid: 141 120. 735. 
z-grid: 81 0.300000012 80.3000031 
measurement point: index 1 altitude= 0.300000012 
DATAEl/SUN/susim hi.flx 
D A T A E ~ / S U N / ~ ~ ~ ~ S ?  1994 - 317 - a .dat 
DATAE1 / ~ ~ ~ / n e c k e l T f  x 
air temperature: USSA, 1976 
air density: USSA, 1976 
old sea level air column = 2.1518E+25 # cm-2 = 1014.94 mbar 
new sea level air column = 2.1518E+25 # cm-2 = 1014.94 mbar 
surface air column = 2.0790E+25 # cm-2 = 980.59 mbar 
ozone profile: USSA, 1976 
old 03 Column = 9.3520E+18 # cm-2 = 348.05 Dobson Units 
new 03 Column = 8.0610E+18 # cm-2 = 300.00 Dobson Units 
502: 1 ppb in lowest 1 km, 0 above 
old SO2 Column = 1.8830E+15 # cm-2 = 0.07 Dobson Units 
new SO2 Column = 0.0000E+00 # cm-2 = 0.00 Dobson Units 
N02: 1 ppb in lowest 1 km, 0 above 
old NO2 Column = 1.8830E+15 # cm-2 = 0.07 Dobson Units 
new NO2 Column = 0.0000E+00 # cm-2 = 0.00 Dobson Units 
Cloud: 4levels, tot opt. dep. = 0. 
aerosols: Elterman (1968) 
Total aerosol od at 340 nm = 0.328121424 
wavelength-independent albedo = 0.150000006 
idate = 717 esfact = 0.967483699 
lat= 33.8482018 long= -84.2142029 ut= 13. 
solar zenith angle = 62.8823967 
PHOTOLYSIS RATES (l/sec) : 
1 02 + hv -> 0 + 0 0.000E+00 
2 03 -> 02 + O(1D) 5.611E-06 
3 03 -> 02 + O(3P) 3.368E-04 
4 NO2 -> NO + O(3P) 5.461E-03 
5 NO3 -> NO + 02 1.851E-02 
6 NO3 - >  NO2 + O(3P) 1.418E-01 
7 N205 -> NO3 + NO + O(3P) 8.946E-12 
8 N205 -> NO3 + NO2 1.906E-05 
9 N20 + hv -> N2 + O(1D) 0.000E+00 
10 H02 + hv -> OH + 0 0.000E+00 
11 H202 -> 2 OH 2.981E-06 
12 HN02 -> OH + NO 1.156E-03 
13 HN03 -> OH + NO2 1.937E-07 
14 HN04 -> H02 + NO2 1.442E-06 
15 CH20 -> H + HCO 1.165E-05 
16 CH20 -> H2 + CO 2.201E-05 
17 CH3CHO -> CH3 + HCO 1.437E-06 
18 CH3CHO -> CH4 t CO 4.382E-14 
19 CH3CHO -> CH3CO + H 0.000E+00 
20 C2H5CHO -> C2H5 + HCO 5.812E-06 
21 CHOCHO -> products 4.986E-05 
22 CH3COCHO -> products 6.726E-05 
23 CH3COCH3 1.604E-07 
24 CH300H -> CH30 + OH 2.382E-06 
25 CH30N02 -> CH30+N02 2.716E-07 
26 PAN + hv -> products 2.650E-07 
